Enzymes that synthesize chains of deoxyribonucleotides.
Cellular organisms store genetic information in DNA rather than RNA, partly because DNA is more stable: DNA lacks the reactive 2ʹ-hydroxyl (2ʹ-OH) group found on the ribose sugar in RNA (FIG. 1a) , which can attack the sugar-phosphate backbone of nucleic acids to generate strand breaks that can have genotoxic consequences. The presence of this 2ʹ-OH group makes polynucleotides very sensitive to cleavage in the presence of alkali, providing a convenient method of screening for the presence of ribonucleotides within genomic DNA. As an important mechanism for preventing genome instability and mutations, DNA poly merases select incoming nucleotides with both the correct base and the correct sugar moieties, preferring deoxyribose to ribose for incorporation into the growing DNA chain. However, as in any enzymatic process, selection errors do occur, such that ribonucleotides are occasionally stably incorporated into DNA. As others have reviewed, ribonucleotide incorporation into DNA can also occur during the initiation of DNA synthesis by RNA primases 1 and primase-polymerases 2 , during specialized DNA repair and translesion DNA synthesis (TLS) reactions 3, 4 (TABLE 1) , and when Rloops form during transcription [5] [6] [7] . This Review focuses on ribonucleotide incorporation during DNA replication by the major eukaryotic nuclear DNA replicases, DNA polymerase α (Pol α), Pol δ and Pol ε. Given that all are proficient but imperfect at excluding ribonucleotides during synthesis 8, 9 , we first consider how and with what efficiency these replicases prevent ribonucleotide incorporation. We then consider how ribonucleotides incorporated during eukaryotic nuclear DNA replication are removed by ribonucleotide excision repair or, in the absence of this mechanism, by topoisomerase I (Top1). We further discuss the influence of ribonucleotides on the physical and chemical properties of DNA and how this affects DNA stability and repair. Finally, we discuss the consequences of the presence of ribonucleotides in DNA, linking the failure of their removal to human diseases. We also consider physiological roles of ribonucleotides incorporated into the genome.
Ribonucleotide incorporation into DNA Replication of the nuclear genome begins with the synthesis of short RNA primers by the RNA primase component of Pol α (reviewed in REF. 1 ). RNA primers composed of approximately 10 nucleotides initiate leading strand replication at origins of replication and lagging strand replication at each Okazaki fragment. As Okazaki fragments are about 200 base pairs long, priming of the 12,000,000 bp Saccharomyces cerevi siae nuclear genome may require the incorporation of as many as 600,000 ribonucleotides, and mammalian nuclear genomes may require 250 times that many. These numbers far exceed any other source of genomic ribonucleotides (FIG. 1b) . As ribonucleotides introduced as primers are efficiently removed during Okazaki fragment maturation
, their presence in the genome is usually transient. Eukaryotic RNA primases also incorporate ribonucleotides into DNA during the restart of stalled replication forks
R-loops
Threestranded structures that include both an RNA-DNA hybrid and a single DNA strand. Rloops are formed during transcription when the nascent mRNA hybridizes with the complementary template DNA strand and, if not removed, can threaten genome stability or regulate gene expression.
Topoisomerase I (Top1). A type 1B topoisomerase that relieves both positive and negative DNA supercoils by generating a reversible singlestrand DNA nick in duplex DNA. Top1 functions during both DNA replication and transcription.
Okazaki fragment
A short DNA fragment synthesized by DNA polymerase α (Pol α) and Pol δ with a length determined by nucleosome periodicity. Following removal of the RNA primer (synthesized by Pol α) to initiate synthesis, these segments are joined by DNA ligase I to form the continuous lagging strand.
(reviewed in REF. 10 ) and during initiation of TLS by a protein that, in humans, has both primase and polymerase activities, DNA-directed primase-polymerase protein PrimPol 2, [11] [12] [13] [14] . In addition, a reverse transcriptase of the human immunodeficiency virus type 1 efficiently incorporates ribonucleotides during proviral DNA synthesis in non-dividing macrophages (at a frequency of 1 in every 146 nucleotides) 15 . Finally, ribonucleotides are incorporated by replicative DNA polymerases. Although these polymerases are highly selective, their massive overall contribution to DNA synthesis means that even infrequent incorpor ation makes a substantial contribution to the overall genomic ribonucleotide landscape, as discussed below.
Nucleotide pool imbalances. The propensity of a replicative DNA polymerase to incorporate deoxyribonucleotides rather than ribonucleotides is influenced by the great excess of ribonucleotides over deoxyribonucleotides within a cell. In budding yeast, this excess is between 30-and 200-fold, depending on the base attached to the sugar 16 (FIG. 1c) . Similar nucleotide pool imbalances exist in mammalian cells 17 . Interestingly, nucleotide pool imbalances are also evident in non-cycling post-mitotic neurons, in which deoxyribo nucleotide concentrations are very low 18 . The importance of nucleotide pool imbalances in replication fidelity and genome stability has been well documented in yeast [19] [20] [21] [22] [23] [24] [25] [26] . Mutations in the gene encoding the Rnr1 subunit of the ribonucleotide reductase (RNR) enzyme affect deoxyribonucleotide concentrations, causing mutations that depend on the nature and the degree of the change. Excess deoxyribonucleotides result in both mis-insertions and mismatch extension at the expense of proofreading, whereas decreased deoxyribonucleotides result in deletions owing to strand slippage. In addition, specific nucleotide pool imbalances cause a growth defect and cell cycle checkpoint activation in S. cerevisiae 20 , and nucleotide pools may also be crucial in human cells, in which such imbalances could contribute to the development or acceleration of cancer 25 and/or neurodegeneration. This may be particularly rele vant in tumour cells with mutations that impair DNA mismatch repair (MMR) and/or proofreading by Pol ε or Pol δ [27] [28] [29] [30] [31] [32] , in which mutagenesis is further enhanced by nucleotide pool imbalances 24, 25 . For example, yeast cells with the colon cancer-associated Pol δ-R696W mutant have extraordinarily high mutation rates, owing to both reduced nucleotide selectivity and expansion of deoxyribonucleotide pools 25 .
Ribonucleotide incorporation by DNA polymerases. DNA polymerase discrimination against ribonucleo tide incorporation has been studied for many years and has been shown to vary widely among DNA polymerases in different families 8, 9 (TABLE 1) . Ribonucleotide incorporation by budding yeast Pol α, δ and ε was measured using endogenous deoxyribonucleotide and ribonucleo tide concentrations estimated from actively growing yeast cells 16 (FIG. 1b) , revealing that more than 13,000 ribonucleotides may be incorporated into the yeast genome Nature Reviews | Molecular Cell Biology c rNTP/dNTP ratios 
RNase H2
A conserved heterotrimeric enzyme that cleaves the RNA portion of a DNA-RNA hybrid, hydrolysing both single and multiple consecutive ribonucleotides in DNA.
B family DNA polymerases
A family of related DNA polymerases that are found in all domains of cellular life. The family includes the highly accurate eukaryotic and archaeal replicases, and the polymerases from phages T4 and RB69. Some possess a 3ʹ-5ʹ exonucleolytic proofreading activity.
during each round of replication. Human Pol ε and Pol δ have similar ribonucleotide incorporation propensities 33, 34 , predicting that up to three million ribonucleotides may be incorporated during replication of the human genome. Biochemical experiments 16, 33, [35] [36] [37] have revealed ribonucleotide incorporation preferences, with rCMP and rGMP incorporated more frequently than rAMP and rUMP 38, 39 .
Results from these biochemical analyses formed the foundation for in vivo studies of ribonucleotide incorpor ation into DNA by the major replicases. Ribonucleotide detection in S. cerevisiae genomic DNA was made possible by deleting RNH201, the gene encoding the catalytic subunit of RNase H2. This enzyme efficiently cleaves both single ribonucleotides and stretches of consecutive ribonucleotides within duplex DNA (reviewed in REF. 40 ). Earlier work 41, 42 suggested that ribonucleotides may be removed from DNA through the combined action of RNase H2 and the flap endonuclease Fen1
. Consistent with this, genomic DNA isolated from an RNH201 mutant (rnh201Δ) budding yeast strain is sensitive to alkali treatment 36 , with fragment sizes suggesting a ribonucleotide density of approximately 1 in every 6,500 deoxyribonucleotides 43 . Similar densities have been detected in nuclear DNA isolated from RNase H2-deficient fission yeast and mouse cells, suggesting that more than 1,000,000 ribonucleotides may be incorporated into DNA during each round of vertebrate DNA replication 44, 45 .
Biochemical and structural work on the B family DNA polymerases has provided important mechanistic insights into how these enzymes choose the nucleotide containing the correct sugar for incorporation. A conserved 'steric gate' Tyr residue in the polymerase active site prevents ribonucleotide incorporation by clashing with the 2ʹ-OH of the incoming ribonucleotide 8, 9, [46] [47] [48] [49] . Replacement of this Tyr with Ala in Pol α (Y869A), or mutation of an adjacent conserved hydrophobic residue (Pol ε-M644G, Pol δ-L612M or L612G, and Pol α-L868M), yields yeast replicases that are less efficient at ribonucleotide discrimination 35, 36, 38, 50 . DNA isolated from strains expressing these mutant replicases is more alkali-sensitive 35, 36, 38, 39, 43, 50 , and the strand preferences for ribonucleotide incorporation by these replicases strongly supports the model for the division of labour among polymerases at the replication fork that was originally inferred from studies of polymerase error signatures 51 . Thus, the M644G variant of Pol ε inserts ribonucleotides primarily in the nascent leading strand, and the L868M or Y869A Pol α variants and the L612M or L612G Pol δ variants insert ribonucleo tides primarily in the nascent lagging strand. Analogous strand-specific ribonucleotide incorpor ation profiles are observed in fission yeast 52, 53 , suggesting evolutionary conservation. The altered ribonucleotide incorporation propensities of these variant alleles have allowed the use of ribonucleotides as biomarkers for polymerase activity and provided detailed information regarding such aspects of DNA replication enzymology 
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• Pol ε (weak) 37 • Pol δ (very weak) 33 Unknown Unknown • Pol ε (weak) 34 • Pol δ (very weak) 33 as the positions of replication origins, origin timing and strength, and replication termination zones (reviewed in REF. 54 ). Furthermore, the use of these DNA polymerase variants has enabled mutational and phenotypical analyses of the biological consequences of ribonucleotides in DNA (discussed below).
RER Yes

Removal of ribonucleotides from DNA
The extent of ribonucleotide incorporation by Pol α, δ and ε, and the potential for ribonucleotides to generate various forms of genome instability (discussed in detail below), predict that they must be efficiently removed from the nuclear genome. Recent studies demonstrate that this is achieved through several pathways and with varying efficiencies.
Exonucleolytic proofreading. Immediately following their insertion into DNA, ribonucleotides can be proofread, albeit weakly, by the 3ʹ-5ʹ exonuclease activities of Pol δ and Pol ε 33, 34, 37, 55 . For yeast and human Pol ε, this proofreading is not nearly as efficient as proofreading of base-base mismatches. For example, biochemical analyses and mutation rate measurements demonstrate that proofreading-proficient yeast Pol ε excises about one-third of the ribonucleotides 37 and at least 92% of base-base mismatches incorporated by the polymerase 56 , suggesting that proofreading constitutes only a relatively minor pathway of ribonucleotide removal 34, 37 . This is also true for proofreading-proficient yeast and human Pol δ, which show little ribonucleotide proofreading ability 33 . Although it has recently been suggested that Pol ε proofreads ribonucleotides incorporated by Pol δ in trans 57 , the in vivo relevance of this process is questionable, given the poor ability of Pol ε to proofread ribonucleotides in cis or base-base mismatches in trans 58 .
Ribonucleotide excision repair. Ribonucleotides are efficiently removed from DNA by ribonucleotide excision repair (RER) (FIG. 2a; TABLE 1) . RER is initiated by RNase H2-mediated recognition of ribonucleotides incorporated into DNA, followed by incision of the DNA backbone 5ʹ to the ribonucleotide 36, 42 . Studies in vitro showed that this cleavage is followed by strand displacement synthesis of the incised DNA strand by Pol δ (or, less efficiently, by Pol ε), flap cleavage by Fen1 (or by the exonuclease Exo1 in the absence of Fen1) and, finally, sealing of the DNA by DNA ligase 1 to restore the DNA to its 'all-deoxy' , intact form 59 . The PIP box (PCNA-interacting motif) in the carboxyl terminus of the RNase H2B subunit (S. cerevisiae Rnh202) binds to proliferating cell nuclear antigen (PCNA) to localize RNase H2 to the replication fork 60, 61 , potentially coupling RER with replication. Consistent with these results, RNase H2 is recruited into DNA replication and repair foci in human cells in both a PCNA-dependent and a PCNA-independent manner 62 . Nucleotide excision repair (NER), which is a multistep DNA repair process that excises bulky ultraviolet (UV)-induced or chemical-induced lesions, has been suggested to function as a backup pathway for ribonucleotide removal in RER-deficient bacterial cells 63, 64 . However, ribonucleotides in DNA are a poor substrate for the human NER system in vitro, and ribonucleotides are not efficiently removed by NER in human cells 65 . It remains to be determined whether NER is involved in repair of genomic ribonucleotides in other eukaryotic systems.
In line with the importance of RNase H2 in removing ribonucleotides from DNA, deletion of the genes encoding RNase H2 subunits causes the accumulation of alkali-sensitive sites (unrepaired ribonucleotides) in genomic DNA 35, 36, 43, 50, 52, 66 . When RNase H2 loss is combined with the Pol ε mutator allele with decreased ribo nucleotide discrimination (Pol ε M644G; discussed above), the resulting pol2 M644G rnh201Δ budding yeast strain contains a large number of alkali-sensitive sites in nascent DNA and has phenotypes indicative of genome instability. These phenotypes include slow growth, replication stress and increased rates of spontaneous
Box 1 | Okazaki fragment maturation
A major source of ribonucleotides incorporated into DNA, particularly in the lagging strand, are RNA primers, which are synthesized by the primase activity of DNA polymerase α (Pol α) (FIG. 1b) . In order to maintain the fidelity of the lagging strand, these ribonucleotides need to be efficiently removed. This occurs through the process of Okazaki fragment maturation, which includes several pathways (reviewed in REFS 55, [138] [139] [140] .
During Okazaki fragment synthesis, a flap of varying length that includes the Pol α-synthesized RNA-DNA primer is generated when Pol δ reaches the 5ʹ end of the downstream Okazaki fragment and continues synthesis. This flap must be removed for DNA ligase 1 to join lagging strand DNA fragments to produce a continuous nascent lagging strand. One method of flap removal involves Pol δ-dependent strand displacement synthesis coupled with flap cleavage by FEN1 (flap endonuclease 1; see the figure, left panel) 141 . An alternative mechanism involves multiple RNase H2 (or RNase H1) incisions that can occur up to the final ribonucleotide of an RNA primer, at which point FEN1 is capable of removing the final ribonucleotide (see the figure, middle panel) 142 . Finally, RNA primer removal can also be achieved during a long flap-removal pathway involving the DNA2 helicase-nuclease 143 (reviewed in REF. 144 ), a pathway that is predicted to remove both ribonucleotides and errors incorporated into DNA by the proofreading-deficient Pol α (see the figure, right panel). In this case, after binding to the flap base, DNA threading occurs when the free 5ʹ end of the single-strand DNA flap is passaged through the DNA2 active site to position it for cleavage. PCNA, proliferating cell nuclear antigen. is initiated when RNase H2 incises 5ʹ to an embedded ribonucleotide. This is followed by a nick-translation reaction, during which the nicked strand is displaced, allowing DNA polymerase δ (Pol δ) or Pol ε in complex with proliferating cell nuclear antigen (PCNA) to bind and fill the gap. Replication factor C (RFC) is an ATP-dependent PCNA clamp-loader, and replication protein A (RPA) is a single-stranded DNA-binding protein.
The flap generated following strand displacement is then nucleolytically processed by the flap endonuclease 1 (Fen1) or exonuclease 1 (Exo1), followed by ligation. Although it is not depicted here, RER is important for removal of ribonucleotides incorporated during both leading and lagging strand DNA synthesis. b | In addition to RNase H2, topoisomerase I (Top1) is able to cleave at genomic ribonucleotides. Top1 can incise the DNA on the 3ʹ side of a ribonucleotide, creating a nick that is typically reversed by Top1-mediated ligation. This reversal generates the original ribonucleotide-containing substrate and allows for another repair opportunity via RER (see part a). Alternatively, as occurs in cells that are RER-deficient, nucleophilic attack by the 2ʹ-OH group on the ribose generates a 2ʹ,3ʹ-cyclic PO 4 (depicted by the open red triangle). This cyclic product can be either reversed through the activity of Top1 or efficiently removed following a second (this time irreversible) Top1 cleavage reaction two nucleotides upstream (5ʹ) of the first cleavage site, to generate a small gap. When the ribonucleotide is located in non-repetitive DNA, repair can proceed in an error-free fashion via proteolysis of Top1 and the activity of DNA end-processing enzymes (tyrosyl-DNA phosphodiesterase 1 (Tdp1), which hydrolyses the DNA-tyrosyl bond; and three prime phosphatase 1 (Tpp1), which processes the 3ʹ end) together with DNA polymerase(s) and DNA ligase to ultimately seal the nick. When the ribonucleotide is incorporated into a region containing repetitive DNA, mutagenic repair can occur to create a deletion of 2-5 base pairs (Δ2-5 bp), depending on the size of the repeat unit. This occurs as a result of realignment of the DNA strands, followed by Top1-mediated ligation across the gap to generate a deletion of one of the repeat units. Not depicted here is the ability of Exo1 and the Srs2 helicase to enlarge this gap to prevent deletion mutations. mutagenesis dominated by 2-5 bp deletions in repetitive sequences (discussed below). Although dispensable for viability in yeast, RNase H2 is essential in mice, and its loss results in embryonic lethality after activation of a p53-dependent DNA damage response 44, 45 . Genomes of RNase H2-deficient mouse cells contain more than 1,000,000 unrepaired ribonucleotides and display genome instability, including increased levels of micronuclei, γH2AX foci and chromosomal translocations. In accordance with observations in yeasts and mice, knockdown of RNase H2 expression in human cells causes genomic ribonucleotide accumulation and endogenous replication stress 67 . RNase H2 is important for removal of both single ribonucleotides and more extensive RNA-DNA hybrids 40 . In order to identify its primary substrates, a separationof-function (SOF) mutant of S. cerevisiae RNase H2 (Rnh201-P45D,Y219A) was created that abolishes its activity on single ribonucleotides but retains its ability to cleave more extensive RNA-DNA hybrids 68 . Spontaneous mutation rates and specificity measurements from a strain expressing the Rnh201 SOF mutant firmly established that unrepaired single ribonucleotides, and not consecutive ribonucleotides, initiate the 2-5 bp deletion mutagenesis observed in an rnh201Δ strain. A subset of transcription-associated R-loops are processed uniquely by RNase H2 (REF. 68 ). Thus, the use of an RNase H2 SOF mutant in mammalian cells should provide important insights into the nature of the ribonucleotide-containing substrates that trigger genome instability and replication stress in higher eukaryotes.
Top1-mediated ribonucleotide removal. In the absence of RER, ribonucleotides can be removed through incisions mediated by the activity of Top1 (REFS 69, 70) ( see FIG. 2b, TABLE 1 and below) . Most of these incision events occur at non-repetitive DNA sequences and ultimately result in accurate removal of a ribonucleotide and replacement with a deoxyribonucleotide 66 (FIG. 2b) .
However, when Top1 incision occurs in a repetitive DNA sequence, this can lead to the generation of short, 2-5 bp deletions (FIG. 2b and see below) . Larger-scale genome rearrangements have also recently been demonstrated to be Top1-dependent in a pol2 M644G rnh201Δ yeast strain 71 . These recombination-based events are initiated by the formation of a DNA double-strand break (DSB), suggesting that DSBs are generated following Top1 cleavage at ribonucleotides. As Top1 is crucial for maintaining genome stability during transcription 72 , Top1-mediated ribonucleotide removal may be mechanistically linked to transcription. This is supported by the observation that Top1-dependent deletions in repeat sequences are driven by high levels of transcription 73, 74 , some of which are also ribonucleotide-dependent 75 .
Studies in vivo using yeast variants of Pol ε (M644G), Pol δ (L612M) and Pol α (L868M) reveal a strand asymmetry that applies to Top1-initiated cleavage at ribo nucleotides and mutagenesis. Specifically, ribonucleotides incorporated into nascent leading strand DNA by Pol ε are subject to Top1-initiated removal, mutagenesis and genome instability, whereas those incorporated into nascent lagging strand DNA by Pol α and Pol δ are not 35, 66, 76 . Three hypotheses for these differences are currently being investigated. These include the possibility of lower ribonucleotide density on the nascent lagging strand, alterative ribonucleotide-removal mechanisms on the nascent lagging strand and the presence of torsional stress in the nascent leading strand that requires Top1 activity 35, 77 . The replication strand asymmetry of Top1-dependent events is lost under hightranscription conditions 76 . In this case, ribonucleotides present in the non-transcribed DNA strand are specifically subject to Top1 incision 76 . The mechanistic basis for this asym metry between the non-transcribed DNA strand and the transcribed DNA strand for Top1 cleavage remains to be determined.
Consequences of ribonucleotides in DNA Unrepaired ribonucleotides cause structural and chemical perturbations of nuclear DNA that are associated with several types of genome instability (recently reviewed in REF. 78 ), including single-strand breaks (SSBs), DSBs, spontaneous mutagenesis, replication stress, cell cycle checkpoint activation, aberrant recombination and the formation of protein-DNA crosslinks.
Structural implications of genomic ribonucleotides.
The structural implications of single ribonucleotides in duplex DNA have been investigated using various approaches, including biochemistry, nuclear magnetic resonance (NMR), X-ray crystallography, molecular dynamic simulations and atomic force microscopy (AFM) [79] [80] [81] [82] [83] [84] . A single ribonucleotide alters helical parameters to cause a localized transition from B-form to A-form 79, 81, 84 and changes the elastic properties of duplex DNA 85 , both of which can affect protein-DNA interactions. Chemically, RNA is 100,000 times more susceptible than DNA to spontaneous hydrolysis under physiological conditions 86 (FIG. 3a) . Additionally, the presence of ribonucleotides can affect Hoogsteen base pairing, in which a unique base-pairing geometry is formed that changes the structural properties of DNA. The formation of these alternative base pairs in DNA may have functional importance, as it expands the structural repertoire of duplex DNA, potentially influencing protein-DNA interactions and processes including replication, repair and recombination (see REF. 87 and references therein). Chromatin assembly and reassembly, as well as nucleosome positioning, may also be affected by ribonucleotides, as nucleosome binding to DNA in vitro is reduced when ribonucleotides are embedded in DNA 88, 89 . Altogether, the structural perturbations caused by ribonucleotides incorporated into DNA have the potential to affect many important fundamental biological processes, including DNA replication, transcription, DNA repair, recombination and chromosome segregation.
Short deletion mutagenesis.
Failure of RNase H2-dependent repair causes a strongly elevated rate of 2-5 bp deletions in tandem repeat sequences 36, 69, 90, 91 . These events are not corrected by MMR 91 and are further CMG complex (Cdc45/Mcm27/GINS complex). The helicase that unwinds DNA at eukaryotic replication forks. It is physically associated with the leading strand DNA polymerase Pol ε.
Post-replication DNA repair
A process that occurs at sites of DNA damage to facilitate the completion of replication using errorfree (MMS2dependent template switching) or errorprone (DNA polymerase ζdependent translesion synthesis) DNA damagetolerance pathways.
elevated in a yeast strain (pol2 M644G ) that incorporates ribonucleotides more frequently than a wild-type enzyme 36 . These deletions depend on the ribonuclease activity of Top1 (REFS 69, 70) , and the generation of these short deletions was proposed to involve the introduction of two consecutive incisions by Top1 adjacent to a ribonucleotide 75 , as was recently demonstrated in vitro 92, 93 . To prevent these short deletions, the Srs2 helicase and the Exo1 5ʹ-3ʹ exonuclease are important for processing 5ʹ-OH DNA ends, which are produced by Top1 cleavage at ribonucleotides 94 . Otherwise, the 2ʹ-OH group on the ribose sugar can execute a nucleophilic attack on the 3ʹ-phosphotyrosine linkage with Top1, releasing Top1 and leaving an unligatable nick with 5ʹ-OH and cyclic 2ʹ,3ʹ-phosphate (2ʹ,3ʹ-PO 4 ) ends (FIG. 2b) . A second Top1 cleavage event located 2 bp upstream of the 2ʹ-3ʹ-PO 4 will result in a small DNA gap. After formation of this gap, proteolysis of Top1, followed by hydrolysis of the DNA-tyrosyl bond by tyrosyl-DNA phosphodiesterase 1 (Tdp1) and 3ʹ-end processing by three prime phosphatase 1 (Tpp1), have been demonstrated to occur in an in vitro system. Both Tdp1 and Tpp1 are enzymes involved in DNA strand-break repair, and their combined action creates a substrate that is suitable for gap repair synthesis by Pol δ and ligation by DNA ligase to seal the nick and maintain fidelity 92 . However, these repair mechanisms are insufficient to prevent mutagenesis when the ribonucleotide is present in a repetitive DNA sequence. In this case, sequence slippage realignment can occur following the second Top1 cleavage. This involves extrusion of the noncleaved DNA strand and DNA strand misalignment, upon which unpaired nucleotides are stabilized by adjacent correct base pairs to facilitate Top1-mediated ligation across the gap (FIG. 2b) , leading to the loss of one repeat unit. This mutagenic consequence occurs at a high rate in the absence of RER, particularly on the nascent leading strand 35 or -under conditions of high transcription -on the non-transcribed DNA strand 76 . The strand-asymmetric determinants of Top1-dependent genome instability may be related to the mechanism of Top1 recruitment to DNA, which may be mediated by interactions with the CMG complex (Cdc45-Mcm2-7-GINS complex) during leading strand replication 95 and interaction with the C terminus of Pol II during transcription 96 .
Ribonucleotide bypass by Pol α, δ and ε. Following incorporation of a ribonucleotide into DNA during synthesis, failure of RNase H2-dependent removal leaves ribonucleo tides in what will become a template for the next round of replication. Therefore, the ability of a DNA polymerase to bypass a ribonucleotide present in the template strand is crucial to the preservation of genome integrity. DNA Pol α, δ and ε can bypass template ribo nucleotides 33, 97, 98 (TABLE 1) with varying efficiencies, depending on the replicase, the ribonucleo tide base identity (adenine, guanine, cytosine or uracil), the local sequence and the number of consecutive ribo nucleotides present (FIG. 3b) . During RNA-templated DNA repair (RTDR), which can occur during repair of a chromosomal DSB in yeast using transcript RNA as a template, Pol α and Pol δ can bypass a stretch of as many as four consecutive ribonucleotides, although with poor efficiency 99 . Subsequent biochemical experiments using nucleotide concentrations measured in yeast cells 16 demonstrated that Pol α, δ and ε can also bypass a single template ribonucleotide with varying efficiencies 97 (FIG. 3b) . For both yeast and human Pol δ and Pol ε, bypass capability decreases as the number of template ribo nucleotides increases 33, 34 . This is particularly evident in the case of Pol ε, for which bypass efficiency decreases from 66% to 0% as the number of ribonucleotides is increased from 1 to 4 (REF. 98) (FIG. 3b) . Structural analysis of the model B family DNA polymerase of bacterio phage RB69, a homologue of Pol α, δ and ε, indicates that the presence of multiple ribonucleotides in template DNA increases DNA polymerase termination probability through structural perturbations that inhibit catalysis. In contrast to the major replicases, the specialized TLS polymerase Pol ζ can readily bypass ribo nucleotide-containing DNA 100 and efficiently copies DNA templates containing four consecutive ribonucleo tides. Such a specialized activity may be particularly advantageous during RTDR of DSBs 99 or in response to replication fork stalling at unresolved stretches of genomic ribonucleotides in RNase H1/RNase H2 double-mutant yeast 100 (see below).
Replication stress and post-replication repair. As discussed above, replicative polymerases are not proficient at bypassing ribonucleotides that have been incorporated into DNA. As a result, ribonucleotides can impede replication fork progression 33, 34, 98 , leading to replication stress. Another source of replication stress may involve polymerase stalling at DNA breaks generated by either spontaneous hydrolysis (FIG. 3a) or Top1 cleavage at ribonucleotides, especially when considering the unligat able 2ʹ,3ʹ-cyclic PO 4 and 5ʹ-OH DNA ends (FIG. 2b) that are produced. Paused DNA polymerase complexes and strand breaks may interfere with transcription, DNA segregation and DNA replication in the next round of synthesis. Consistent with these possibilities, impaired cell cycle progression and checkpoint activation are caused by unrepaired ribonucleotides in both yeast 66, 100 and human cells 67 . Activation of postreplication DNA repair (PRR) pathways is an important means of bypassing replication stalling and ribonucleotide-induced DNA damage in RNase H2-defective cells. PRR pathways that include template switching and TLS are activated in budding yeast cells lacking both RNase H2 and RNase H1 activities 100 (FIG. 3c) . These repair pathways allow bypass of DNA lesions and involve ubiquitylation of the sliding clamp, PCNA 101 . TLS is triggered by monoubiquitylation of PCNA. This initiates mutagenic DNA synthesis by enhancing the interaction between the error-prone DNA polymerases, such as Pol ζ, and this modified form of PCNA. This interaction facilitates recruitment of DNA damage-tolerant repair polymerases to the lesion site, followed by error-prone DNA synthesis through the lesion (FIG. 3c) . Alternatively, polyubiquitylation of PCNA activates error-free template switching, 
RNA-DNA damage
Genome instability caused by the presence of ribonucleotides in DNA. RNA-DNA damage is associated with mutagenesis, chromosomal rearrangements, replication stress and DNA breaks.
Gene conversion events
DNA repair events that involve the transfer of genetic information from a donor sequence to a homologous recipient, such that the two become identical. 
Loss of heterozygosity (LOH
Mitotic interhomologue recombination
Mitotic crossover recombination that occurs between homologous chromosomes during the repair of a DNA lesion.
a homology-directed form of DNA repair, during which the newly synthesized sister chromatid is used as the template for synthesis when a primer terminus is stalled at a lesion. PRR activation has been observed in RNase H2-depleted human cells and in cells isolated from patients with Aicardi-Goutières syndrome (AGS) 67 , a human inflammatory disorder in which RNase H2 function is often impaired.
Ribonucleotide-triggered abortive DNA ligation. As outlined above, RER is the primary mechanism of ribonucleotide removal from DNA (FIG. 2a) . Despite its important function, this process can, in some cases, also contribute to genome instability. Namely, iffollowing RNase H2 cleavage -DNA ligase attempts to seal the generated nick before the next step in RER, abortive ligation will be triggered. The product of this failed ligation reaction is a compound RNA-DNA lesion containing a bulky adenylate group (5′-AMP) linked to a ribonucleotide (5′-AMP-RNA-DNA) (FIG. 3d) that requires the hydrolase aprataxin (Aptx) for reversal 102 . Aptx-dependent reversal involves RNA-DNA binding and conformational changes. This repair mechanism may be particularly important when the ribonucleotide/deoxyribonucleotide ratio is very high, such as in post-mitotic neurons in the brain. The human neurodegenerative disorder ataxia with oculomotor apraxia 1 (AOA1) is characterized by mutations in APTX 103 , and AOA1 pathogenesis may involve the accumulation of RNA-DNA damage 102 (see also below).
Protein-RNA-DNA adducts. Because of structural distortions caused by a ribonucleotide in DNA, the presence of RNA-DNA substrates in a cell may affect various protein-nucleic acid interactions. One example of this is the ability of a ribonucleotide in a DNA template to promote the production of a cleavage complex of RNA-DNA with Top2 (REFS 104, 105) (FIG. 3e) or Top1 (REF. 92 ), which, as discussed above, plays a part in ribonucleotide removal from DNA (FIG. 2b) . Similar to 5ʹ-AMP-RNA-DNA lesions 102 , a protein-RNA-DNA crosslink is a compound DNA lesion, the toxicity of which has a greater effect than the initial damage (a single ribonucleotide in DNA). Both adenylated and Top2-linked RNA-DNA lesions distort DNA, may lead to DNA breaks and are a potential source of chromosomal rearrangements and other types of genome instability 106 .
Genomic rearrangements. Several lines of evidence suggest that failure of ribonucleotide repair results in nuclear DNA rearrangements. For example, deleting the genes encoding RNase H2 subunits in budding yeast causes an increased rate of spontaneous recombination 94, 107 . These recombination events may be initiated by spontaneous DNA hydrolysis, SSBs and/or DSBs that occur at sites of unrepaired single ribonucleotides, as well as at more extensive RNA-DNA hybrids. Furthermore, polymerase blockage at ribonucleotides, or at the associated products, may promote the collapse of replication forks or transcriptional machinery, subsequently leading to break-induced replication. This form of recombination-dependent DNA replication can occur during repair of a DSB to promote survival, but it may result in complex chromosomal genome rearrangements 108 . Gross chromosomal rearrangements, presumably resulting from DSB formation, are also elevated in RNase H2-deficient yeast strains 109, 110 , as are gene conver sion events 94, 107, 111 . RNase H2-defective diploid yeasts have increased rates of loss of heterozygosity (LOH), resulting from mitotic interhomologue recombination and nonallelic homologous recombination (NAHR), causing chromosomal translocations and copy number variation 71, 112 . Evidence for these LOH and NAHR events being triggered by failure of RER of ribonucleotides incorporated during replication comes from the observation that the rates of these events are elevated in the Pol ε mutator variant (pol2 M644G ), which has an increased propensity for ribonucleotide incorporation during synthesis compared with a wild-type strain 71 . Together, these data support a role for ribonucleotide removal in prevention of RNA-DNA damage, the failure of which can lead to large-scale genome instability (FIG. 3f) . Use of the RNase H2 SOF mutant (discussed above) and/or a yeast strain deficient in RNase H1 activity will provide important mechanistic insights into the ribonucleotide-containing lesions that initiate such deleterious events. Importantly, there is also mounting evidence for the deleterious effect of the presence of ribonucleotides in DNA on genome stability in mammals, exemplified by the presence of large-scale chromosomal rearrangements and formation of micronuclei in RNase H2
null mouse embryonic fibroblasts 44 . Figure 3 | Consequences of unrepaired ribonucleotides in DNA. a | Hydrolysis at a ribonucleotide (occurring spontaneously or induced by alkali treatment) generates a 'dirty' DNA single-strand break (SSB) containing unligatable 2ʹ,3ʹ-cyclic PO 4 and 5ʹ-OH termini. The other intact DNA strand in the duplex molecule is not shown. b | DNA polymerases can bypass ribonucleotides in template DNA with varying proficiencies. This is dependent on the polymerase and the number of consecutive ribonucleotides present in the DNA, as well as the identity of the base and the sequence context (not included in the table). c | In the absence of RNase H activity, the presence of ribonucleotides in template DNA causes DNA polymerase stalling and activates post-replication DNA repair (PRR) through ubiquitylation (yellow spheres) of proliferating cell nuclear antigen (PCNA). Through polyubiquitylation of PCNA, ribonucleotide bypass can be achieved by a template switch mechanism. This is a form of DNA damage tolerance in which a switch in template strands occurs during replication in order to bypass DNA damage and ensure completion of replication (right panel (FIG. 4a) . Reduced RNase H2 function may be the result of AGS mutations in RNase H2 that perturb enzyma tic activity, decrease protein expression, affect localization to replication and repair sites and/or alter complex assembly and stability 62, 115, 116 . Mutations in the genes encoding RNase H2 subunits also cause the related autoimmune disorder systemic lupus erythematosus (SLE) 117 . Similar to AGS-associated phenotypes, individuals with SLE show activation of type 1 IFN and accumulation of antibodies against nucleic acids and proteins. These phenotypes may also be associated with defective RNase H2 removal of genomic ribonucleotides 117 (FIG. 4a) . SLE patients are photosensitive and prone to skin disease, suggesting that unrepaired genomic ribonucleotides render DNA more susceptible to UV-induced DNA damage. This is supported by the observation that both AGS and SLE patient cells exposed to UV light have increased numbers of cyclobutane pyrimidine dimers (CPDs), which are typical UV-induced lesions 117 . The shared immune response activation in AGS and SLE patients thus implicates ribonucleotide removal in prevention of human autoimmune diseases.
Another human disorder related to mutation of a ribonucleotide-processing enzyme is the neurological disease AOA1 (reviewed in REF. 118) (FIG. 4b) . Accumulation of 5ʹ-AMP-RNA-DNA may cause the formation of DNA breaks (both SSBs and DSBs), impair processes such as replication and transcription, and has been associated with AOA1 phenotypes. Consistent with this, biochemical and structural experiments demonstrate that AOA1-associated mutations in APTX impair the ability Nature Reviews | Molecular Cell Biology Patients with AGS have increased type 1 interferon (IFN) activation, an immune response potentially related to the accumulation of aberrant ribonucleotide-containing nucleic acid species following reduction of RNase H2-dependent repair. This reduced RNase H2 function may be related to the fact that these mutations in RNase H2 perturb enzymatic activity, decrease protein expression, affect localization to replication and repair sites, and alter complex assembly and stability 62, 115, 116 . Photosensitivity and skin disease are common in patients with SLE, and the increase in ultraviolet (UV)-induced lesions in both AGS and SLE patient cells 117 raises the possibility that unrepaired genomic ribonucleotides renders DNA more susceptible to UV-induced DNA damage. b | Mutations in the gene encoding aprataxin (APTX) are associated with the neurological disease ataxia with oculomotor apraxia 1 (AOA1). Following RNase H2 incision at a ribonucleotide in DNA to initiate ribonucleotide excision repair (RER), premature engagement of this RNA-DNA substrate by DNA ligase triggers abortive ligation and transfer of an adenylate (AMP) group from DNA ligase to the RNA-DNA junction to generate a compound 5ʹ-AMP-RNA-DNA lesion 102 . Failure of APTX to remove this bulky adenylate group causes accumulation of adenylated RNA-DNA and may lead to the formation of DNA breaks, thereby affecting processes such as replication and transcription, and contributing to AOA1. DSBs, double-strand breaks; SSBs, single-strand breaks.
DNA fragile site
A specific genomic locus that is susceptible to spontaneous DNA breaks, which may result in chromosomal rearrangements and contribute to human disease.
G4 quadruplex
A higherorder DNA structural motif composed of four strands of guaninerich sequences that form a stable planar stacked structure at specific genomic locations, including telomeres and gene promoters, where they seem to have important positive and negative biological roles.
of this protein to resolve RNA-DNA junctions 102 . In fact, one mutation, K197Q, is located in the cleft responsible for RNA-DNA substrate interaction and thus distorts the substrate-binding pocket, thereby significantly impairing deadenylation activity of APTX on a 5ʹ-AMP-RNA-DNA substrate. Recent evidence demonstrating that 5ʹ-AMP-DNA adducts form in mitochondrial DNA and persist in APTX-deficient cells raises the possibility that 5ʹ-AMP-RNA-DNA lesions may also arise in mitochondrial and not only nuclear DNA 119 .
Physiological roles of genomic ribonucleotides
In addition to the negative consequences of genomic ribo nucleotides described above, the abundance and nonrandom distribution of ribonucleotides in the eukaryotic nuclear genome suggests that they may also have physiological roles in specific cellular contexts 120 . Although this Review focuses on ribonucleotides incorporated during replication, ribonucleotides are also incorporated by DNA repair polymerases 46, [121] [122] [123] [124] [125] [126] [127] [128] (TABLE 1) . Additionally, a residual diribonucleotide left by the RNA primase associated with Pol α functions as a develop mental signal for mating-type switching in Schizosaccharo myces pombe [129] [130] [131] [132] . Thus, there may be a delicate balance between incorporation and removal of ribonucleotides, as their presence may affect physiological processes and features such as chromatin regulation, transcription, DNA segregation, DNA fragile site stability, G4 quadruplex formation, telomere biology, ribosomal biology, stem cell pluripotency and meiotically programmed DSBs.
The locations of ribonucleotides were mapped genome-wide in budding and fission yeast strains lacking RNase H2, by sequencing genomic DNA that had been fragmented at unrepaired ribonucleotides by either alkaline hydrolysis or RNase H2 cleavage 38, 39, 53, 133, 134 . Using replicase mutants that facilitate increased ribonucleotide incorporation into DNA, the strand-specific positions of ribonucleotides were used as robust biomarkers of polymer ase activity. Several hypotheses about replication mechanisms were tested in this way. One discovery was that in yeast strains containing wild-type polymerases, ribonucleotides are preferentially found in the newly synthesized leading strand of nuclear DNA, raising the possibility of important signalling roles for ribonucleotides in nascent leading strand DNA 50, 135 . One example of such a role comes from genetic and biochemical studies of MMR, which is a crucial process that corrects replication errors, including single-base errors (base substi tutions, insertions or deletions). MMR involves mismatch recognition, mismatch removal by excision and correct resynthesis of the DNA, followed by ligation to complete repair (reviewed in REF. 136) (FIG. 5) . MMR is initiated by binding of the MutSα heterodimer (comprising MutS homologue 2 (MSH2) and MSH6)) to the mismatch. ATP activates MutSα, inducing a conformational change that allows it to interact with the MutLα heterodimer (MutL homologue 1 (MLH1)-PMS2). During MMR of mismatches in nascent leading strand DNA, the entry point for MutLα may be provided by RNase H2. RNase H2 nicks 5ʹ to the ribonucleotide, which has been introduced during DNA synthesis by Pol ε, thereby providing a mechanism to discriminate between the newly synthesized and the template DNA strands. Once loaded, MutLα can incise the nascent strand through activation by PCNA (which can be delivered to the mismatch by RNase H2), allowing removal of the mismatch, followed by DNA synthesis by Pol δ or Pol ε (FIG. 5) . This mechanism allows for efficient repair of single-base mismatches introduced into nascent leading DNA strand by providing a clear discrimination between the template and newly synthesized strands 50, 135 . Notably, the mechanism of MMR initiation differs in the lagging strand, in which the existence of frequent DNA termini prior to Okazaki fragment maturation may function as A model depicting how ribonucleotides incorporated into DNA by DNA polymerase ε (Pol ε) during leading strand synthesis may provide a signal for DNA mismatch repair (MMR) in yeast. MMR involves mismatch recognition by MutSα, a heterodimer of Msh2 and Msh6, which are homologues of the bacterial MutS protein required for MMR. This recognition is followed by mismatch removal by MutLα (a heterodimer of Mlh1 and (yeast) Pms1, which are homologues of bacterial MutL). An entry point for MutLα is provided by RNase H2-mediated incision creating a nick at a ribonucleotide incorporated into DNA by the replicative polymerase (Pol ε) during DNA replication. Following MutLα loading at the incision site, excision of the mismatch and correct re-synthesis of the DNA by Pol δ or Pol ε is followed by ligation to complete repair. Thus, the incorporated ribonucleotide distinguishes the newly synthesized mismatch-containing strand from the template strand. PCNA, proliferating cell nuclear antigen.
entry points for MutLα. Pol ε has a strictly conserved Met residue in its active site adjacent to the steric gate Tyr (amino acid 644 in S. cerevisiae), whereas Pol α and Pol δ have a conserved Leu residue 50 . Replacement of this Met with Leu decreases the propensity for ribonucleotide incorpor ation 36 , suggesting that Pol ε has evolved to incorporate ribonucleotides into the nascent leading strand, thus enabling it to contribute to strand discrimination during MMR.
Conclusions
The study of the causes and consequences of ribonucleotide incorporation into DNA is a rapidly emerging field. Considering their abundance, nonrandom distribution and biological importance, we expect that further elucidation of the effects of embedded ribonucleotides on genome stability will continue to be informative. For example, it is possible that the presence of a ribonucleotide in DNA influences its susceptibility to endogenous or exogenous DNA damage. This is supported by the observation that the expression levels of several DNA repair genes are increased in a yeast strain lacking RNase H2 activity 137 . The fact that ribonucleotides can be processed by pathways that include RER and Top1-mediated removal suggests that -in addition to the identification of other repair mechanisms -it will be beneficial to gain insight into the parameters that govern how and when an embedded ribonucleotide is removed from DNA, as a way of elucidating the biological significance of such processing. For example, it would be interesting to uncover whether tissue specificities or differences related to mitotic versus quiescent cells exist with respect to ribonucleotide incorporation and removal. Furthermore, it will be important to identify additional proteins that are involved in nucleic acid transactions and are affected by the presence of ribonucleotides in DNA, as this will provide further understanding of mechanisms linking genomic ribonucleotides to human disease, thereby offering potential avenues for therapeutic strategies. As genome-wide approaches 38, 39, 53, 133, 134 become feasible in mouse and human cells, identification of ribonucleotide distribution over the mammalian genomic landscape through mapping studies may also provide insight into clinical aspects of human disorders stemming from mutations in genes that are important for preventing ribonucleotide-dependent genome instability, such as partial loss-of-function alleles of RNASEH2 or APTX. Furthermore, the use of ribonucleotides as a robust biomarker of DNA polymerase activity across the nuclear genome will continue to yield information regarding replication enzymology under both unchallenged and stressed conditions.
